We propose a mechanism generating primordial magnetic fields after the e + e − annihilations. Our mechanism involves an ultra-light axion-like particle (ALP) which constitutes the dark matter, and a dark U (1)X gauge boson introduced to bypass the obstacle placed by the conductivity of cosmic plasma. In our scheme, a coherently oscillating ALP amplifies the dark photon field, and part of the amplified dark photon field is concurrently converted to the ordinary magnetic field through the ALP-induced magnetic mixing. For the relevant ALP mass range 10 −21 eV m φ 10 −17 eV, our mechanism can generate B ∼ 10 −24 G (m φ /10 −17 eV)
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with a coherent length λ ∼ (m φ /10 −17 eV) −1/2 kpc, which is large enough to provide a seed of the galactic magnetic fields. The mechanism also predicts a dark U (1)X electromagnetic field EX ∼ BX ∼ 80 nG (m φ /10 −17 eV) −1/4 , which can result in interesting astrophysical/cosmological phenomena by inducing the mixings between the ALP, ordinary photon, and dark photon states. The origin of the primordial magnetic fields is one of the longstanding problems in modern cosmology. In a variety of cosmological scales, magnetic fields are observed [1] [2] [3] . For instance, radio observations have revealed that magnetic fields of O(1-10)µG are inherent in the galaxies and clusters of galaxies, which might originate from a primordial seed field [4] B seed O(10 −30 ) G with λ 0.1 kpc,
which is amplified later by the dynamo mechanism [5] , where λ denotes the coherent length of the corresponding B fields. More recently, the existence of magnetic fields in cosmic voids has been inferred from the observations of TeV blazars [6] [7] [8] [9] [10] [11] [12] . Those observations have found a lack of secondary gamma-rays in the GeV range, which ought to be emitted by the electrons/positrons produced from the collision of the primary gamma-rays with extragalactic background light. This can be explained if there exist magnetic fields at intergalactic voids
which deflect the trajectory of the produced electrons/positrons away from the direction of the primary gamma-rays [3] . So far, a number of models are proposed for cosmological magnetogenesis in the early Universe (for a recent review, see e.g. [3] ). An interesting and extensively studied possibility is the inflationary magnetogenesis scenario * Electronic address: kchoi@ibs.re.kr † Electronic address: hyungjin.kim@weizmann.ac.il ‡ Electronic address: sekiguti@resceu.s.u-tokyo.ac.jp [13] [14] [15] [16] [17] [18] [19] . In this scenario, magnetic fields created inside the horizon can be stretched out to superhorizon scales and can have a comoving correlation length comparable to the current cosmological scales. However, inflationary magnetogenesis often suffers from the backreaction by the produced magnetic fields, which spoils the dynamics of inflaton or generates too large non-Gaussianity in primordial perturbations [15] [16] [17] . 1 There are other magnetogenesis scenarios, for instance, based on phase transition in the early Universe [20, 21] ; however, those scenarios are still lacking concrete realization.
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Another interesting but less explored possibility is a late-time magnetogenesis which takes place well after big bang nucleosynthesis (BBN). Such a late-time scenario would have better prospects to give a large coherence length of the produced B fields and also may come up with concrete predictions, as the early Universe after the BBN is highly constrained. In this paper, we propose a novel mechanism of late-time magnetogenesis, which occurs after the e + e − annihilations. Our mechanism involves an ultralight axion-like particle (ALP) φ and a dark U (1) X gauge field X µ , whose dynamics is described by the Lagrangian
1 These problems can be circumvented if magnetogenesis takes place after the CMB scales exit the horizon [18, 19] . 2 See also [22] for a generation of primordial magnetic field with QCD axion prior to the QCD phase transition.
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where F µν = ∂ µ A ν − ∂ ν A µ and X µν = ∂ µ X ν − ∂ ν X µ are the U (1) em and U (1) X field strengths, F µν and X µν are their duals, J µ is the standard electromagnetic current, and f is a dimensionful parameter describing the initial ALP misalignment:
In the expanding Universe with the metric
the equations of motion for the ALP and U (1) gauge bosons are given bÿ
where we used the temporal gauge A µ = (0, A), X µ = (0, X). Here, the dots denote the derivatives with respect to the conformal time τ , H =ȧ/a = aH is the conformal Hubble expansion rate, and finally, Ohm's law J = σ(E+ v × B) is used for the equation of A, where σ is the conformal conductivity of the cosmic plasma, and v is a fluid velocity field.
The following is a brief summary of how our mechanism works and what the underlying assumptions are. At τ osc when 3H(τ osc ) m φ , the ALP φ commences to oscillate to form the dark matter. Coherently oscillating φ causes a tachyonic instability of X µ through the coupling g XX and amplifies the dark photon field strength as
for g XX O(10). For an efficient amplification, we assume that X µ is strictly massless and there is no light U (1) X -charged particle. In the presence of the magnetic mixing coupling g AX [23] , the amplified E X ∼ B X are partly converted into the ordinary magnetic fields, generating
with a coherent length λ ∼ (m φ /10 −17 eV) −1/2 kpc. The conversion of X µ to A µ is most efficient when the conductivity σ ∝ n e is minimized, which happens when the electrons/positions are annihilated enough, so the electron density is suppressed as n e ∼ n baryon ∼ 10 −9 n γ .
This happens when T 20 keV. For this reason, we consider the ALP mass range 10 −21 eV m φ 10 −17 eV (9) for which ALP begins to oscillate at T osc 100 keV × (m φ /10 −17 eV) 1/2 , so that magnetogenesis occurs at T ∼ T osc /5 20 keV as desired. Here the lower bound on m φ is imposed to be compatible with the Lyman-α constraint on ultralight ALP dark matter [24] . Then the temperature range of our mechanism is 200 eV T 20 keV, (10) for which the conductivity is determined by the Thomson scattering as [25] [26] [27] 
Our model (3) generically involves three ALP couplings: g AA , g AX , and g XX . To check the feasibility of our mechanism, we list current observational bounds on the ALP couplings.
3 For an ultralight ALP, major constraints on g AA come from astrophysical observations based on the photon-ALP conversion [29] , e.g. X-ray observations [30] [31] [32] [33] [34] , quasar spectra [35] , cosmological tests of the distance-duality relation [36, 37] , and CMB spectral distortions [38] [39] [40] [41] . In our case, the strongest bound on g AA comes from X-ray observation [32] yielding g AA /f
1.5 × 10 −12 GeV −1 . Constraints on g AX can be drawn also from the ALP-photon mixing induced by background B X . We find the strongest bound on g AX in our case comes from the CMB spectral distortion yielding [39] 
The coupling g XX /f is far less constrained as it involves only the dark photon fields, and can have a value large enough to implement our mechanism.
To motivate the introduction of X µ , let us briefly discuss the generation of magnetic field in the absence of X µ . When σ phy m φ , we can approximate the equation of motion for the photon field as σȦ k ≈ g AA kφA k /f in the Fourier space, where k is the comoving wave number. This allows a solution for the magnetic field as
where A k,vac is the vacuum fluctuation of the gauge field, and Γ = g AA kφ/(σf ) is the magnetic field production rate. Then the magnetic field production for the unit Hubble time at τ ∼ τ osc is estimated as
where k is within the instability regime, i.e. k/a O(g AA m φ ). Here, we usedφ/Hf = O(1) at τ ∼ τ osc and σ phy given by (11) , together with the bounds on g AA /f and m φ , while assuming f M Pl which is necessary to avoid a too large relic mass density of φ. The above production rate is too weak to yield any appreciable amount of B fields, which is essentially due to the huge suppression by m φ /σ phy 2 × 10 −17 . With the dark photon field X µ , we can make magnetogenesis much more efficient. As the cosmic plasma is neutral to U (1) X , X µ can be freely amplified by the tachyonic instability caused by the oscillating φ, and this exponential amplification can compensate for much of the suppression by m φ /σ phys . In the following, we describe our magnetogenesis mechanism and present some of the key results, while leaving more detailed study to the forthcoming work [43] .
Right after τ osc , when the energy density ρ X of X µ is negligible compared to ρ φ , φ evolves as
where t = a(τ )τ /2. In this stage, φ is approximately homogeneous, and the backreaction from A µ can be ignored. Then the equation of motion of X µ in the momentum space is approximated bÿ
where the subscript ± denotes the helicity. This shows that under the oscillating φ, one of the helicity states of X k experiences a tachyonic instability for certain range of k, and the vacuum fluctuations of X k in this range of k are exponentially amplified to be a stochastic classical field. At a certain time τ X > τ osc , ρ X becomes comparable to ρ φ , where τ X /τ osc = a(τ X )/a(τ osc ) is determined mostly by the coupling g XX . Around this time, the initial energy density of the zero momentum mode of φ is converted mostly to ρ X , and also partly to the energy density of nonzero momentum modes of φ. As was shown in [44] , the dark photon field production is particularly efficient for g XX O(10), and in this paper we will use g XX = 100 as a benchmark point for explicit analysis. The ordinary electromagnetic field A µ is produced also around this time by the magnetic mixing coupling g AX . As the conductivity dominates over other factors, the production is described by the following approximate equation of motion
where the effects of non-zero momentum modes of φ are included.
For a more quantitative analysis, we define
where ρ denotes the spatially averaged energy density, and (ρ φ ) g=0 is the homogeneous energy density of φ in the absence of gauge field production, i.e. when g AA = g XX = g AX = 0. The backreaction from A µ can be safely ignored for g AA and g AX satisfying the observational bounds. Then the evolutions of r and are determined mostly by g XX , while being insensitive to other model parameters. On the other hand, as we will see below, the evolution of b(τ ) depends significantly on m φ . Obviously, in the early stage at τ < τ X , r 1, and is negligibly small. In the intermediate stage at τ τ X , r drops to a value which is an order of magnitude smaller than unity, while rises to a value of order unity. In the final stage at τ τ X , the three fields φ, X µ , and A µ are decoupled from each other and freely evolve. As a result, the energy densities evolve as ρ φ ∝ 1/a 3 and ρ X,A ∝ 1/a 4 , and r(τ ), (τ ), and b(τ ) all approach some constants.
As X µ is exponentially amplified by the coupling g XX , it strongly back-reacts to the evolution of φ, and develops an inhomogeneous part of φ for τ τ X . A lattice simulation is required for a quantitative analysis of the evolution of our system. Yet, the dependence of the final results on m φ and f can be determined by simple dimensional analysis. For this, let us first note that r, , and also a(τ osc )/a(τ X ) are insensitive 5 to m φ and f . We then find the following simple power-law dependences of the relevant quantities on m φ and f ,
5 For g XX O(10), the initial ρ φ is abruptly converted to ρ X at τ ∼ τ X , which is determined mostly by g XX . After this abrupt conversion, ρ φ and a(τ ) ρ X evolve like (ρ φ ) g=0 ∝ 1/a 3 (τ ). As a consequence, their ratios, i.e. r and , are insensitive to m φ and f , while there can be a logarithmic dependence which will be ignored here.
where B 2 X = |∇×X| 2 , and k * denotes the characteristic wave number of the produced X µ and A µ . One can also infer from (16) that
where we used the parametric dependences listed in (18) . From (17) , the relic mass density of φ is determined as
, (20) where (Ω φ h 2 ) g=0 is the relic density in the absence of gauge field production, τ 0 is the conformal time at present, and m −17 ≡ m φ /10 −17 eV, f 16 ≡ f /10 16 GeV. The produced dark photon field and its energy density can be parametrized as
Taking the ALP mass dependence of b in (19), we can parametrize also the present value of the produced B fields as
whereḡ −16 ≡ g AX /f 16 . Finally, from the instability equation (15) , the characteristic size of the wave numbers of the dark matter φ and dark radiation X µ can be estimated as
Following [44] , we performed lattice calculations to examine the evolution of r(τ ), (τ ), and b(τ ) for the benchmark point with g XX = 100. When performing the lattice simulation, we ignore the evolution due to magnetohydrodynamics, i.e. v = 0, which we will discuss shortly. Taking various different values of m φ and f , we confirmed that r and are indeed insensitive to m φ and f , while b depends on m φ as (19) . In Fig. 1 , we depict the results for g XX = 100 and m φ = 10 −17 eV, showing a(τ X )/a(τ osc ) 5 and the asymptotic values r 0.03, 4, b 7 × 10 −18 at τ τ X . The power spectrum of the magnetic field B is plotted in Fig. 2 , which exhibits a single spectral peak.
6 From those results, we find the dark and ordinary magnetic fields given in (7) and (8) with the correlation length
The above correlation length is obtained from Fig. 2 and is about three times larger than the naive estimation (24) . The produced dark and ordinary magnetic fields contribute to the effective number of relativistic degrees of freedom as
which would be consistent (up to 2σ) with the current observation N eff = 3.15 ± 0.23 [45] for m φ 10 −21 eV. Let us comment on the evolution of B after the production. We expect that the magnetic fields are frozen-in after the production. The B fields at kpc scales do not dissipate away even after the recombination due to the high conductivity of the Universe. On the other hand, the Alfvén crossing time, which sets the interaction time scale between magnetic fields and plasma [46] , is much larger than the age of the Universe. Thus it is expected that the B fields are not subject to an evolution due to magneto-hydrodynamics.
In our scenario, the dark photon gauge field strengths are inevitably produced on cosmological scales. The produced B X ∼ E X can induce a mixing between the ALP, ordinary photon, and dark photon states, which may result in interesting astrophysical/cosmological consequences [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] 47] . Under B X given in (7), we find the bound (12) is translated into g AX 5 when φ constitutes the dark matter in the Universe. As was noticed in [39] , future measurements of CMB distortions by PIXIE/PRISM can improve the bound on g AX by two orders of magnitude. This implies that PIXIE and PRISM will be able to probe the CMB distortions predicted by g AX = O(1) which is most favored in our scenario. We note also that for the fuzzy dark matter with m φ ∼ 10 −21 eV [48] , the resulting value of ∆N eff is close to the bound from CMB observation [45] , which might be an interesting point in connection with the discrepancy in the values of H 0 inferred from CMB data and local measurements.
Dark photon fields may contribute to metric perturbations as well. While their characteristic scale k * is beyond the reach of direct cosmological probes (e.g. Lyman-α forests), they can source the acoustic oscillation of photon baryon fluid and contribute to the CMB spectral distortion [49, 50] , which deserves more detailed study [43] .
Our scenario assumes g XX = O(10 − 100) and g AX = O(1). One may ask whether such ALP effective couplings can be obtained from a sensible UV completion of the model. If one assumes that the field range of periodic ALP is of O(2πf ), then naive field theoretic consideration suggests that g XX = O(e 2 X /8π
2 ) and g AX = O(ee X /8π
2 ), which appear to be significantly smaller than the values assumed in our scenario. This problem can be easily solved by the clockwork mechanism [51] [52] [53] , enlarging the ALP field range exponentially, while keeping the ALP couplings to gauge fields essentially fixed. An explicit realization along this direction will be presented in the forthcoming paper [43] , together with more extensive study of our magnetogenesis scenario.
